The morphology, chemical composition, and crystal structure of aluminum anodized films formed in 85°C aqueous ammonium adipate electrolyte at various forming voltages ͑20-200 V͒ were investigated. The relationship between the microstructure and the electrochemical behavior of the anodized oxide film was also explored. The results showed that an amorphous oxide film was formed when the forming voltage was 100 V or lower. Both the increase of film thickness per increase in voltage and the relative dielectric constant were independent of the forming voltage. When the forming voltage exceeded 100 V, crystalline ␥Ј-Al 2 O 3 was observed. The crystalline clusters first appeared at the center of the amorphous anodized oxide film and extended outward as the forming voltage increased. Two well-defined layers could be clearly recognized when the forming voltage was 200 V. The presence of crystalline ␥Ј-Al 2 O 3 was beneficial in raising the relative dielectric constant and the dielectric strength of the anodized oxide films. The relative dielectric constant ͑13.2͒ of the anodized oxide film formed at 200 V was higher than that of the film formed at a lower voltage. However, the increase of film thickness per increase in voltage was decreased. Microscopic examination revealed that crystallization induced the formation of defects which caused a decrease in the resistivity of the anodized oxide films. Aluminum electrolytic capacitors are extensively used in the electronics industry. Despite their use for several decades, 1 research and development efforts to improve the performance of the capacitor are still underway. Among the components of the aluminum electrolytic capacitor, the aluminum anodized oxide film ͑dielectric layer͒ plays the crucial role during operation. An appropriate electrolyte must be selected when pure aluminum is anodized to form a compact barrier oxide film with optimal dielectric characteristics.
Aluminum electrolytic capacitors are extensively used in the electronics industry. Despite their use for several decades, 1 research and development efforts to improve the performance of the capacitor are still underway. Among the components of the aluminum electrolytic capacitor, the aluminum anodized oxide film ͑dielectric layer͒ plays the crucial role during operation. An appropriate electrolyte must be selected when pure aluminum is anodized to form a compact barrier oxide film with optimal dielectric characteristics. 2 The most popular electrolytes used to form dielectric oxide layers on aluminum substrate are those with bases of boric acid, [3] [4] [5] [6] [7] citric acid, 8, 9 tartaric acid, [10] [11] [12] [13] [14] and phosphoric acid, 15, 16 etc. Fundamental research on the nature of the anodized barrier film formed in the above electrolytes is comprehensive. Additionally, the forming parameters that govern the properties of the anodized oxide films also have been explored extensively. [16] [17] [18] Micro-analysis of the anodized films formed in various electrolytes and under various forming conditions have been successfully conducted by the transmission electron microscope ͑TEM͒. [19] [20] [21] [22] [23] [24] [25] The morphology and microstructure of these anodized oxide films were found to affect critically the electrochemical performance of the dielectric film.
In addition to the above-mentioned electrolytes, aqueous ammonium adipate solution is also commonly used to form the dielectric oxide layer on the aluminum used in low voltage electrolytic capacitors. However, the microstructure and its correlation with the electrochemical characteristics of the anodized oxide film formed in such a solution have been less frequently explored. Therefore, in this investigation the anodized oxide film formed at various voltages ͑20-200 V͒ in ammonium adipate solution was analyzed. The cross sections of anodized aluminum foils prepared by ultramicrotomy were examined by TEM. The corresponding electrochemical characteristics of the anodized oxide film were also investigated. Accordingly, the relationship between the microstructure and the associated change in the electrochemical performance is analyzed and discussed.
Experimental
Specimens with areas of 10 cm 2 were cut from 100 m thick, O-temper, 99.99% aluminum foil that contained 0.0028 Fe, 0.0033 Si, and 0.0016 wt% Cu. All specimens were washed in HNO 3 ϩ Na 2 SO 4 solution at 80°C for 2 min to remove the oxide and the grease from the sample surface. They were then rinsed thoroughly in deionized water, and finally dried in a warm air stream. The specimens of pure aluminum were anodized in ammonium adipate solution ͑150 g/1000 g H 2 O) at 85°C. A 304 stainless steel ͑SS͒ plate was used as the counter electrode. A constant current density of 25 mA/cm 2 was passed through the cell between the aluminum sample and the counter electrode until the potential difference reached the selected anodization voltage: 20, 50, 100, 150, or 200 V. Then, the voltage was held constant for 10 min and the current was allowed to decay. Ultramicrotomy 26, 27 was employed to prepare the cross-sectional specimen of the anodized electrode for TEM analysis. First, anodized foils were cut into strips about 0.1 ϫ 20 mm. Next, these strips were placed vertically in gelatin capsules that contained Spurr's epoxy resin mix. The capsules were kept under a reduced pressure by means of an aspirator, allowing the resin to fully penetrate the surface of each specimen. Then, the samples were kept at 60°C for 24 h to polymerize them completely. The blocks of resin were initially trimmed using a steel knife and sectioned with a diamond knife of an ultramicrotome. The cutting direction was parallel to the metal/ film interface, and the section thickness was generally 40-60 nm. The sections were mounted on copper grids and examined using TEM at 200 kV. The auxiliary X-ray energy dispersive spectroscopy ͑EDS͒ was employed to elucidate the chemical composition of the anodized oxide film. A camera length of 100 cm was adopted as the nanobeam electron diffraction was performed.
The capacitance of the anodized oxide films in 25°C aqueous ammonium adipate solution ͑150 g/1000 g H 2 O) was measured using a general LCR meter. A pure aluminum sheet with a very large area was used as the counter electrode. The perturbation was 1.2 V rms at 120 Hz.
Electrochemical impedance spectroscopy ͑EIS͒ was also carried out to investigate the electrochemical characteristics of the anodized film. The test cell was a three-electrode system with the anodized aluminum assembled as the working electrode. A platinum sheet and a saturated calomel electrode ͑SCE͒ were used as the counter electrode and the reference electrode, respectively. The latter employed a salt bridge with a probe adjacent to the working electrode. The testing solution was also a 25°C aqueous ammonium adipate solution ͑150 g/1000 g H 2 O). An EG&G model 263 potentiostat connected to a Solartron 1255 frequency response analyzer ͑FRA͒ was used to make electrochemical measurements. The input voltage sig-nal had a root mean square amplitude of 10 mV at the open circuit potential and was typically scanned from 100 KHz to 5 mHz.
Results and Discussion
Microstructure of the anodized oxide.-The typical TEM brightfield image of the cross section of the aluminum foil anodized at 20 V is shown in Fig. 1a . A barrier anodized oxide film, about 45 nm thick, could be clearly identified on top of the aluminum substrate as a grayish band. The crystal structure of the anodized oxide film was examined by the nanobeam electron diffraction, and was confirmed to be amorphous ͑Fig. 1b͒. Similar results were obtained for the aluminum foils anodized at 50 and 100 V.
The thickness of the anodized film was found to increase with increasing forming voltage. At 100 V, the anodized film was about 165 nm thick, nearly four times thicker than that formed at 20 V. Table I clarifies the effect of forming voltage on the thickness of the anodized film.
When the forming voltage was raised to 150 V, microvoids and crystalline oxide were found at the center of the anodized oxide film. The TEM micrograph shown in Fig. 2a reveals that the film formed at 150 V was thicker than those formed at lower voltages. Electron diffraction analysis ͑Fig. 2b͒ demonstrated that the anodized oxide film is also amorphous in nature. However, careful examinination of Fig. 2a reveals an array of microvoids at the center of the oxide film, which were not found at voltages lower than 100 V.
At a forming voltage of 150 V, crystalline oxide was also observed. Figure 3a shows some dark spots in the center region of the anodized film. The nanobeam electron diffraction patterns of these dark spots, marked as region A in Fig. 3b , indicate the presence of crystalline oxide in the anodized film. Away from the center, where the crystalline oxide was formed, the rest of the anodized film had an amorphous structure ͑for example, region B in oxygen was liberated to cause a volume shrinkage. Consequently, microvoids were formed at such forming voltages. The thickness of the film formed at 150 V was about 235 nm, much greater than the thickness of the films formed at voltages lower than 100 V ͑Table I͒. The high oxygen content in the amorphous aluminum oxide may have induced some stress within the oxide. As the film became thicker, the internal stress would also be increased. To relieve the stress built up within the thick oxide film, stress-induced crystallization may thus occur. This fact might also explain the formation of the crystalline oxide and microvoids in the thick anodized film.
As the forming voltage was raised to 200 V, the structure of the oxide film was changed further as shown in Fig. 4a . The anodized oxide film consisted of two well-defined layers, an inner amorphous layer and an outer crystalline layer of oxide. The crystalline characteristics of the outer layer as depicted in the nanobeam electron diffraction patterns, with ͑001͒ and ͑111͒ poles, are shown in Fig. 4b and c. These diffraction patterns confirmed that the crystalline oxide was ␥Ј-Al 2 O 3 . According to Verwey's reports, 28 this anodically grown crystalline oxide is a less ordered form of the thermally grown ␥-Al 2 O 3 . Both ␥-Al 2 O 3 and ␥Ј-Al 2 O 3 structures exhibit a close-packed oxygen lattice; they differ in the degree of order in the positions of the aluminum atoms.
The crystallinity of the oxide formed at 200 V was higher than that of the oxide formed at 150 V. The overall thickness of the anodized oxide film formed at 200 V was about 300 nm. At such a high forming voltage, the volume shrinkage as well as the amount of flaws were much greater than those of the oxide formed at 150 V. Figure 5 plots the variation of the film thickness against forming voltage. Clearly, the film thickness increased linearly with the forming voltage when the voltage was below 100 V. At such low voltages, the increase in film thickness per increase in voltage was 1.50 nm/V. As discussed above, crystalline oxide was found at higher forming voltages. A slight decrease in the oxide film thickening rate per forming voltage increase was observed. A parabolic equation was adopted to describe the relationship between the forming voltage and film thickness at high voltages. The increase in film thickness per increase in voltage ͑the slope of the curve͒ at 150 and 200 V was 1.35, and 1.30 nm/V, respectively, and also are depicted in Fig. 5 . Previous investigations have indicated that the thickness of the anodized oxide film was proportional to the forming potential. 7, [29] [30] [31] [32] This relationship has been confirmed in this investigation except that two different stages were observed. At a low forming voltage, amorphous oxide was formed at a relatively higher rate per increase in forming voltage. When the forming voltage exceeded 100 V, the increase in film thickness per increase in voltage was reduced gradually due to the change of the crystal structure of the anodized aluminum oxide formed. The presence of ␥Ј-Al 2 O 3 seemed to retard the formation of anodized film.
It was found that the contrast and brightness of the image changed gradually during the period of TEM analysis. Figure 6 compares the TEM micrographs, for the sample anodized at 100 V, with the images taken of the same area but 5 min apart. In Fig. 6a , the uniform contrast and brightness of the TEM image reflect the amorphous structure of the anodized film. When the specimen is continuously irradiated in the electron beam, dark spots in the oxide layer gradually appeared in the TEM image ͑Fig. 6b͒. Electron diffraction analyses of the dark spots revealed the presence of the crystalline oxide. High vacuum and high energy electron beam bombardment will induce the phase transformation of the anodized aluminum oxide film, as has been reported by Shimizu et al. 33 Chemical composition of the anodized oxide.- Figure 7a shows the cross section of an anodized oxide film formed at 150 V on aluminum foil. The variation of the chemical composition with depth from the surface ͑locations A-C͒ was examined by EDS. Figures 7b-d present the resulting spectra. The copper peaks in the spectra were associated with the Cu grid used to support the thin sections cut from the ultramicrotome. The carbon was considered as contamination from the atmosphere. No elements other than Al and O could be detected within the anodized oxide film, implying that the forming electrolyte used would not cause any contamination of the oxide film. Moreover, the O/Al atomic ratio was almost constant throughout the thickness, indicating that the composition of the amorphous anodized film was uniform. As mentioned above, however, the O/Al ratio was 3/2 for crystalline oxide, lower than that of the amorphous film.
Capacitance of the anodized oxide films.-The capacitances, measured in ammonium adipate solution ͑150 g/1000 g H 2 O) by an LCR meter, of the anodized aluminum oxides formed at various voltages are listed in Table I . As can be seen in this table, the film capacitance decreased with increasing forming voltage and anodized oxide film thickness. The capacitance (C, farad͒ can be expressed by the following equation
where o represents the dielectric constant in vacuum (8.854 ϫ 10 Ϫ12 F/m), r is the relative dielectric constant of the anodized oxide film, A is the area of the electrode, and d is the thickness of the dielectric layer. For a given A (10 cm 2 ) and with d measured from the TEM micrograph, the relative dielectric constant of each anodized oxide film can be calculated. The results for all anodized oxide films are also listed in Table I . At a voltage less than 100 V, the relative dielectric constant was almost constant ͑about 11.5͒. However, it increased gradually as the forming voltage exceeded 100 V. When the forming voltage reached 200 V, the relative dielectric constant had increased to about 13.2. The increase in the relative dielectric constant coincided with the presence of crystalline ␥Ј-Al 2 O 3 within the anodized oxide film. Clearly, the relative dielectric constant increased as the amount of crystalline ␥Ј-Al 2 O 3 increased.
Electrochemical properties.-The results of EIS measurements taken in ammonium adipate solution ͑150 g/1000 g H 2 O), for aluminum anodized at 20, 50, 100, and 150 V, are shown in Fig. 8 . Capacitive behavior was dominant over the frequency range considered in this investigation. The impedance data presented in terms of Nyquist ͑Fig. 8a͒ or Bode plots ͑Fig. 8b and c͒ all indicated that these electrodes could be simulated by an equivalent circuit with a single time-constant, as demonstrated in the inset of Fig. 8a . The equivalent circuit consisted of a parallel combination of the oxide film resistance (R OX ) and capacitance (C OX ), connected in series to a solution resistance (R S ). With this equivalent circuit and the impedance data obtained, the resistances and the capacitances of the anodized aluminum oxide films formed at various voltages ͑20-150 V͒ could be evaluated. The variations of the film capacitance (C OX ) and film resistance (R OX ) with the forming voltage are demonstrated in Fig. 9 . The results indicate that the capacitance of the oxide films declined as the forming voltage increased, which result was consistent with the data measured by an LCR meter. As for the film resistance, it increased with the forming voltage and reached a maximum at 100 V. At a forming voltage of 150 V, however, the lowest film resistance (200 M⍀ cm 2 ) was obtained. Although the anodized aluminum oxide film formed at 150 V was thicker than the other films, the significant reduction in the film resistance was probably attributable to the presence of microvoids and crystalline ␥Ј-Al 2 O 3 within the anodized oxide film.
When the forming voltage was further raised to 200 V, the EIS results were quite different from those obtained at lower forming voltages. The EIS spectra for the aluminum oxide formed at 200 V are shown in Fig. 10 . The impedance was smaller than those of anodized films formed at lower voltages. Moreover, two peaks of the phase shift appeared in the Bode plot ͑Fig. 10b͒, indicating that the electrode interface could be represented by an equivalent circuit that included two resistance/capacitance ͑RC͒ elements. The equivalent circuit shown in Fig. 10a , is composed of one parallel combination of RC elements in series with another. These two time-constant el- ements obviously coincided with the two well-defined layers observed in the anodized oxide film formed at 200 V. The elements C cry and R cry depicted in the equivalent circuit represent the capacitance and the resistance of the crystalline oxide layer, respectively, while C amor and R amor represent those of the amorphous oxide layer. For this equivalent circuit, C cry , R cry , C amor , and R amor were evaluated as 120 nF/cm 2 , 4 ϫ 10 5 ⍀ cm 2 , 80 nF/cm 2 , and 3 ϫ 10 7 ⍀ cm 2 , respectively. The capacitance of the crystalline oxide layer was higher than that of the amorphous layer. However, the resistance of the crystalline oxide layer was lower than that of the amorphous layer. The extent of crystallization and the amount of defects existing in the anodized oxide film made noticeable changes in both film capacitance and resistivity for the anodized film formed at different voltages.
The oxide film may contain defects or flaws during anodization. These will subsequently render an adverse effect on the dielectric performance of the electrolytic capacitor. The presence of defects or flaws may be evaluated by measuring the time required to raise the potential to the original forming voltage, at a small applied current density of 0.2 mA/cm 2 in the working electrolyte ͑same as the forming electrolyte͒. The time is considered to be that required to repair the defects or flaws within the oxide film, and is also termed the critical time (T c ) for healing. A smaller T c corresponds to fewer defects or flaws in the oxide film. The T c values of the anodized oxide films formed at various voltages are summarized in Table II. The critical time for healing (T c ) the anodized oxide clearly varied with the forming voltage. As shown in Table II , the critical times were not longer than one second when the forming voltages were less than 100 V. As the forming voltages were raised to 150 and 200 V, the T c values were 9 and 54 s, respectively. The higher T c values indicated that more defects were present in the anodized oxides, and more time was required to repair the damaged films by applying a current density of 0.2 mA/cm 2 . The results of T c measurements were in good agreement with the microstructural examinations and EIS measurements. The dependence of film resistance and electrochemical performance of the anodized aluminum oxide on the defects 6, 34, 35 and/or trapped oxygen 8, 36 has been reported elsewhere. The microstructural and compositional analyses in this investigation further elucidated their effects on the dielectric performance of the anodized aluminum oxide film. 
